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FLASH MEMORY PROGRAM AND ERASE OPERATIONS 



BACKGROUND 

This invention relates to flash memory program and erase 
operations . 

There has been a recent trend toward increasing the speed 
5 of flash memory devices such as flash electrically erasable 
Hi programmable read only memory (flash EE PROM) devices that are 

'V~| 

% used in portable computers and other devices. Flash memory 

l7l devices contain an array of memory cells which are utilized to 

hi ■ 

m store data. These devices contain charge pump circuitry for 

MO converting an input voltage to a high output voltage and current 
H necessary for programming and erasing the data in the memory 

jW cells. The output voltage and current determine the output 

capacity of the charge pump. 

One problem encountered during the process of manufacturing 
15 the charge pump circuitry is that the actual output capacity of 
the charge pump may vary from the optimal output capacity. 
Often, charge pumps that are produced lack sufficient output 
capacity to program and erase the memory cells. This results in 
an undesirable increase in the time to program and erase the 
20 cells and a decrease in throughput. Charge pumps also may 

produce excessive output capacity resulting in an increase in 
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power consumption. Furthermore, once the flash memory devices 
are placed in an electronic device such as a portable computer, 
variations in input voltage and in temperature also may cause 
the output capacity of the charge pump to decrease or increase. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a block diagram illustrating a computer system. 
FIG. 2 is a graph showing the output capacity of a charge 
pump circuit. 

FIG. 3A is a block diagram of a flash memory device. 

FIG. 3B is a table listing examples of voltages for 
programming, erasing, and reading a flash memory device. 

FIG. 4 is a block diagram of a charge pump circuit. 

FIG. 5 is a block diagram of a charge pump circuit. 

FIG. 6 is a simplified flow chart illustrating a method of 
practicing the invention. 

DETAILED DESCRIPTION 
As shown in FIG. 1, a computer system 10 includes a central 
processing unit (CPU) 12 that is coupled to one or more flash 
memory devices, such as flash memory device 14, over a computer 
bus 13. The CPU 12 accesses data and programs that are stored 
in the flash memory device 14 to carry out the various 
operations of the computer system 10. 
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The flash memory device 14 includes a flash memory array 16 
which contains an array of flash memory cells. A charge pump 
circuit 18 can be used to program and erase data in each flash 
memory cell. The charge pump circuit 18 can be powered by a low 
input voltage source. This voltage source is converted by the 
charge pump circuit 18 to a higher output voltage source which 
then is used to program and erase the memory cells in the flash 
memory array 16. Variations in temperature and input voltage 
could potentially impact the operation of the charge pump 
circuit 18 including the time needed to program the flash memory 
array 16. Techniques for compensating for such variations are 
discussed below. 

FIG. 2 is a graph 20 showing the output capacity of a 
charge pump circuit. The horizontal axis represents the 
operating conditions of the charge pump circuit, and the 
vertical axis represents the output capacity in terms of 
electrical current that a charge pump circuit can produce. The 
load current line 22 represents current that the flash memory 
array 16 requires during the programming and erasing process, 
and the pump current line 21 represents the current that the 
pump charge circuit 18 is capable of producing. An increase in 
operating conditions, as shown by the arrow 24, can cause an 
increase in memory array processing such as faster programming 
and/or erasing periods. Such operating conditions include, for 
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example, a reduction in temperature at the charge pump circuit, 
an increase in input voltage to the pump circuit, as well as 
other operating conditions. Can also include ^fast" circuits as 
a result of normal variations during the manufacturing process. 

As the operating conditions increase, the magnitude of the 
pump current 21 increases at a rate greater than the rate of the 
load current 22. As a result, excess current capacity 
(represented by reference number 23) is available at the charge 
pump circuit. As discussed below, the excess current capacity 
can be used to increase the speed of programming and erasing the 
memory cells to provide an increase in data throughput. 

As shown in FIG. 3A, the flash memory device 14 includes a 
controller logic circuit 34 containing logic and instructions 
for controlling the operation of the flash memory device. Such 
operations include programming and erasing an array of flash 
memory cells 15 associated with the flash memory array 16. 
Although only one flash memory cell 15 is shown, the flash 
memory array 16 typically includes multiple flash memory cells. 
Each memory cell 15 can be implemented, for example, as a 
floating gate field effect transistor. In addition, each flash 
memory cell 15 can be programmed and erased by applying signals 
with different voltage levels to a gate terminal Vg, a source 
terminal Vs, and a drain terminal Vd of the flash memory cell. 



Attorney's Docket No. 10559-519001 (P12423) 

A group of flash memory cells 15 can be organized into a 
memory segment having a particular length such as eight, sixteen 
or thirty-two memory cells. The memory cells 15 can be 
addressed or referenced either as a whole segment or 
individually at a bit level within each memory segment. The 
controller logic circuit 34 uses one or more decoder circuits to 
address a particular flash memory cell or groups of flash memory 
cells. For example, a bitline decoder circuit 35 can be used to 
address a particular memory bit within a memory segment by 
applying a voltage to the drain terminal Vd of a group of memory 
cells within the memory segment. Similarly, a wordline decoder 
circuit 36 can be used to address a particular memory segment in 
the flash memory cell by applying a voltage to the gate terminal 
Vg. A source decoder circuit 37 can be used to address the 
source terminal Vd of each memory cell. 

The flash memory device 14 includes one or more charge pump 
circuits which are used to provide the voltages and currents for 
programming and erasing the flash memory cells 15. A charge 
pump is powered by an input voltage Vcc and can be converted to 
a higher voltage using conventional techniques. For example, a 
6-volt charge pump circuit 18a is powered by an input voltage 
Vcc of 1.8 volts which it converts to an output voltage of 6 
volts. There also may be a need to have a voltage signal that 
is lower than the input voltage Vcc. For example, a 1-volt 
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divider circuit 19 can be used to convert the 1.8 volt input 
voltage Vcc to an output voltage of 1 volt. The output from the 
1-volt divider circuit 19 and the 6-volt charge pump circuit 18a 
are used by the bitline decoder circuit 35 to provide the 
necessary voltages and currents to the drain terminal Vd of each 
flash memory cell 15. 

The wordline decoder circuit 36 selects the outputs from 
one or more charge pumps such as a 5-volt charge pump circuit 
18b, a 10-volt charge pump circuit 18c and a -10-volt charge 
pump circuit 18d to supply voltages and currents to the gate 
terminal Vg of the flash memory cells 15. The source decoder 
circuit 37 takes the output from a 5-volt charge pump circuit 
18e and applies it to the source terminal Vs of the flash memory 
cells 15. 

FIG. 3B shows a table 40 listing examples of voltages to 
program, erase and read the flash memory cells 15 in the flash 
memory array 16. To program the flash memory cells 15 in the 
illustrated implementation, the voltage level at the gate 
terminal Vg must be about 10 volts, the voltage at the drain 
terminal Vd must be about 6 volts, and the voltage level at the 
source terminal Vs has to be about 0 volts. The controller 
logic circuit 34 is responsible for selecting the appropriate 
charge pump circuit associated with each decoder circuit. For 
example, in the programming process discussed above, the control 
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logic circuit 34 provides six volts at the drain terminal Vd by 
selecting the 6-volt pump circuit 18a through the bitline 
decoder circuit 35. Likewise, the wordline decoder circuit 36 
is used to select the appropriate charge pump circuit to apply 
the necessary voltages to the gate terminal Vg, and the source 
decoder circuit 37 is used to select the appropriate charge pump 
circuit to apply the necessary voltages to the source terminal 
Vs. Thus, one or more charge pump circuits with different 
output capacities can be used to program, erase and read the 
data in the flash memory array 16. 

FIG. 4 illustrates further details of the charge pump 
circuit 18a. The charge pump circuit 18a, as discussed above, 
is used to provide the voltages and currents to the drain 
terminal Vd of each flash memory cell 15 during the programming 
process. The techniques discussed below in connection with the 
charge pump circuit 18a also are applicable to the other charge 
pump circuits shown in FIG. 3A. 

The charge pump circuit 18a includes a charge pump 40 to 
convert an input voltage Vcc of 1.8 volts to an output voltage 
(Vout) that is higher than the input voltage Vcc. The charge 
pump 40 uses a booster 42 to boost the input voltage Vcc to a 
higher voltage level. The booster stage can include a series of 
capacitors driven by a clock signal from an internal voltage 
controlled oscillator (VCO) . 
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The higher level voltage is fed to a regulator circuit 44 
which contains a voltage regulator portion 44a and a current 
regulator portion 44b. In one implementation, the voltage 
regulator circuit 44 includes a voltage comparator with a first 
5 input fed by the output of the booster 42 and a second input fed 
by a constant reference voltage. The regulator circuit 44 
regulates the output capacity of the charge pump 40 including an 
output voltage (Vout) and an output current (lout) . The output 

% t? voltage Vout and the output current lout can be adjusted by a 

ui 

r^10 measuring circuit 4 6 through signal lines Bl and B2 . 

,%y 

| E 1 By using a constant current method, the measuring circuit 

g 46 can characterize the capacity of the charge pump 40 by 

■jkk measuring the output voltage Vout while the output current lout 

|i| is maintained at a constant level. The measuring circuit 46 
H-5 uses a voltage sensor 48 to measure the voltage level of the 
output voltage Vout. It then sends to the voltage regulator 
portion 44a of the regulator circuit 44 a signal on line B2 
based on the measured voltage. 

The signal on line B2 is used by the voltage regulator 
20 portion 44a to control the level of the output voltage Vout. 
For example, the charge pump circuit 18a can be preset to 
generate an output voltage Vout of six volts and an output 
current lout of two milliamps. If the results of the 
measurement indicate that the output voltage Vout Is greater 

8 
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than the preset value of 6 volt, the measuring circuit 4 6 sends 
a signal having logical high value of y l' over line B2. That 
causes the voltage regulator portion 44a to increase the output 
voltage Vout to seven volts and to maintain the output current 
lout at two milliamps. If the results of the measurement 
indicate that the output voltage Vout is equal to the preset 
value of six volts, it sends a signal having a logical low value 
of *0' over line B2. In that case, the voltage regulator 
portion 44a maintains the output voltage Vout at six volts and 
the output current lout at two milliamps. 

In a similar fashion, by using a constant voltage method, 
the measuring circuit 46 also is capable of measuring the 
capacity of the charge pump 40 by measuring the output current 
lout while the output voltage Vout is kept constant. The 
measuring circuit 46 uses a current sensor 49 to measure the 
current level at the output current lout. In this case, 
however, the measuring circuit 46 sends a signal over line Bl to 
the current regulator portion 44b of the regulator circuit 44. 
The value of the signal sent over line Bl is based on the 
measured current and is used by the regulator circuit 44 to 
control the level of the output current lout. 

For example, as discussed above, the charge pump circuit 
18a can be preset to generate an output voltage of six volts at 
an output current of two milliamps. If the results of the 
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measurement indicate that the output current lout is greater 
than the preset value of two milliamps, the measuring circuit 46 
can send a signal of logical high value of '1' over the line Bl. 
In response^ the current regulator portion 44b can increase the 
output current lout to three milliamps but maintain the output 
voltage Vout at six volts. If the results of the measurement 
indicate that the output current lout is equal to the preset 
value of two milliamps, the measuring circuit 46 can send a 
signal over the line Bl having a logical low value 'O' . The 
current regulator portion 44b maintains the output current lout 
at two milliamps and the output voltage Vout at six volts. 

The measuring circuit 4 6 can conduct the capacity 
measurements during manufacturing of the fast memory device 14. 
Access line 47 provides external access to the capacity 
measurements which can be integrated by external manufacturing 
equipment. The external manufacturing equipment then can 
determine the actual charge pump capacity and reset the capacity 
to the appropriate setting. Such capacity measurements include, 
for example, the "fast" or "slow" pump circuit condition, the 
voltage level of the input voltage Vcc or the temperature in 
close proximity to the charge pump. The signals that are sent 
over the lines Bl and B2 can be designed to cause the regulator 
circuit 4 4 to permanently set the output voltage Vout and the 
output current lout to predetermined values based on the levels 

10 
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measured by the measuring circuit 46. The signals sent over the 
lines Bl and B2 can be binary in nature so that a logical T l r 
can be represented by a high voltage level such as 1.8volts 
while a logical A 0 f can be represented by a low voltage level 
such as zero volts. 

As illustrated in FIG. 5, the charge pump circuits, such as 
charge pump circuit 18a, can be used to provide the voltages and 
currents for programming and erasing the flash memory cells 15 
in the memory array 16. Many of the elements of the charge pump 
discussed above in connection with FIG. 4, such as the structure 
and the function of the charge pump 4 0 , remain the same. 
However, one difference in this embodiment is the presence of a 
temperature sensor 47 in the measurement circuit 46. 

The temperature sensor 47 is used to measure the 
temperature of the charge pump circuit 18a or the charge pump 
40. It can be placed within the charge pump circuit 18a where 
it can measure the internal temperature or it can be placed 
externally where it can measure the external temperature of the 
charge pump circuit 18a. Internal placement refers to the 
placement of the sensor 47 inside of an integrated circuit that 
houses the charge pump circuit 18a, whereas external placement 
refers to the placement of the sensor outside of the integrated 
circuit. The temperature sensor 47 can be a conventional sensor 
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with an operating range that matches the operating temperature 
range of the flash device such as -40°C to 85°C. 

An output analog signal representing the value of the 
measured temperature is sent to an analog-to-digital (A/D) 
converter 41. The A/D converter 41 generates a digital signal 
representing the analog value of the measured temperature. In 
one implementation, the A/D converter 41 can be a conventional 
converter that is calibrated to accept signals in the range of 
the voltage source Vcc and the output level of the temperature 
sensor 47. 

The measuring circuit 46 measures the capacity of the 
charge pump 40 by measuring the input voltage Vcc using a 
voltage sensor 48. An output analog signal representing the 
value of the measured voltage is sent to the A/D converter 41. 
The A/D converter 41 converts the analog signal to a digital 
signal representing the analog value of the measured voltage. 

A sensor logic circuit 43 processes the digital signals 
from the A/D converter 41. The sensor logic circuit 43 can 
contain digital logic configured to make decisions based on the 
values of the digital signals which represent the measured 
values of the temperature and the input voltage Vcc. The sensor 
logic circuit 43 sends a signal over a line B2 to the voltage 
regulator portion 44a of the regulator circuit 44. It also 
sends a signal over line Bl to the current regulator portion 44b 

12 
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of the regulator circuit 44. The value of the signals over 
lines Bl and B2 are based on the values of the measured voltage 
and temperature. In addition, line B3 is used to send a signal 
to the controller logic circuit 34 to allow the circuit to 
recognize the results of the measurement and take appropriate 
action . 

For example, the charge pump circuit 18a is powered by an 
input voltage Vcc of 1.8 volts and is preset to generate an 
output voltage Vout of six volts at an output current lout of 
two milliamps. If the results of the temperature measurement 
indicate that the temperature is less than 25°C and the input 
voltage Vcc measurement indicate that the voltage is greater 
than 1.8 volts, then a logical high value of ^1' is sent over 
line Bl, a logical low value of A 0' is sent over line B2, and a 
logical high value of A l' is sent over B3. As a result, the 
voltage regulator portion 44a increases the output voltage Vout 
from six volts to seven volts but maintains the output current 
lout at two milliamps. In addition, the signal over line B3 
enables the controller logic circuit 34 to recognize this 
condition and take appropriate action. 

On the other hand, if the results of the measurement 
indicate that either the input voltage Vcc is less than 1.8 
volts or the temperature is greater than 25 °C, then a logical 
low value of '0' is sent over lines Bl, B2 and B3. This causes 
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the voltage regulator portion 44a to maintain the output voltage 
Vout at six volts and the output current lout at two milliamps. 

The measurements conducted in this embodiment can be taken 
while the circuit is operating within a computer system such as 
a cellular phone or a portable computer. This has the advantage 
of allowing the capacity of a charge pump circuit to be adjusted 
dynamically based on real time operating conditions. Microcode 
(instructions) within the controller logic circuit 34 can be 
modified to allow the charge pump 18a to dynamically respond to 
the changes in operating conditions. 

FIG. 6 illustrates operation of the charge pumps, such as 
the charge pump 18a. The capacity of a charge pump can be 
preset at 60 to a desired value. In a flash memory device 14 
that contains multiple charge pump circuits, the capacity of 
each charge pump can be preset to respective predetermined 
values during the design and manufacturing process. The 
predetermined values can include a preset output current lout 
and a preset output voltage Vout. 

Once the capacity of the charge pump has been preset to 
desired values, the actual capacity of the charge pump is 
measured at 62. As discussed above, a measuring circuit can be 
used to measure the actual capacity by measuring variations in 
operating conditions or capacity such as variations in input 
voltage (Vcc) , output voltage (Vout) and output current (lout), 
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temperature, "fast" or "slow" circuit condition and other 
operating conditions. These conditions can be measured using a 
constant current or constant voltage technique. 

Once the actual capacity of the charge pump has been 
measured, the capacity of the charge pump can be reset at 64 
based on the measured capacity. In one embodiment discussed 
above, the actual capacity can be measured during the 
manufacturing process to allow the capacity of the charge pump 
to be reset permanently based on the actual capacity. In 
another embodiment, the capacity can be measured while the 
charge pump circuit is operating in a computer system to permit 
the capacity to be continuously and dynamically adjusted to real 
time operating conditions. 

The foregoing techniques can improve the data programming 
and erasing throughput in flash memory devices such as flash 
EEPROM devices. Products that use flash memory devices are 
becoming increasingly popular for storing data. As a result, 
the memory size densities of these devices have increased 
causing the programming and erasing times to increase. By using 
the techniques discussed above, the time to program and erase 
the devices can be reduced to allow higher memory size density 
devices to be deployed in a cost efficient manner. In addition, 
electronic devices or components that include charge pumps such 
as voltage regulators can use the techniques. 

15 
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By using the foregoing techniques, power consumption can be 
reduced in flash memory devices. Battery operated computing 
devices that use flash memory devices such as cellular phones, 
personal digital assistants (PDAs) and portable computers can 
benefit from such a reduction in power consumption. Moreover, 
the amount of flash memory storage can be increased to take 
advantage of the extra battery operating capacity that is made 
available . 

Various modifications may be made to the foregoing 
embodiments. For example, the output voltage (Vout) can be 
adjusted by amounts other than 1-volt increments and/or the 
output current (lout) can be adjusted by amounts other than 1- 
milliamp increments. Other implementations are within the scope 
of the following claims. 
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